Pain is prevalent in advanced malignancies; however, some patients cannot get adequate pain relief by conservative routes of analgesic administration or experience serious side effects related to high dose of opioids. For those who have exhausted multimodal conservative analgesic, intrathecal drug delivery is an alternative intervention for truly effective pain management. The objective of this study was to evaluate the clinical efficacy and safety of intrathecal drug delivery system (IDDS) for the treatment of intractable pain in advanced cancer patients.
Introduction
It had been reported that pain was prevalent in cancer patients with metastatic or advanced stage, and >33% of patients graded their pain as moderate or severe. [1] Although the World Health
Organization introduced the Guidelines on Pain Relief Ladder for cancer pain in 1986, adequate pain relief still could not be available in approximately 10%-30% of cancer patients with limited life expectancy. [2] [3] [4] Moreover, long-term opioid use could produce tolerance and hyperalgesia, leading to diminishing response to medication and hypersensitivity to pain. [5, 6] Opioid doses were constantly escalated to achieve the same analgesic effect; on the contrary, the risk of adverse effects such as respiratory depression, nausea, and constipation was highly increased. [7] For patients who failed to respond to conservative medications, there was increasing evidence that the intrathecal (IT) route provided more effective analgesia, especially when efficacy was limited by dose-dependent toxicity. [8, 9] The aim of our study was to observe the clinical response of intrathecal drug delivery system (IDDS) for the treatment of intractable pain in advanced cancer patients who required a more effective management than conservative administration to control pain.
Methods

Patients
A total of 53 patients with intractable cancer-related pain were recruited in the prospective cohort study and scheduled to receive IDDS implantation at our pain center in Central Hospital of Editor: Kazuo Hanaoka.
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China Aerospace Corporation (Aerospace Clinical Medical School of Peking University), Beijing, China, between July 2015 and October 2016 (Fig. 1 ). Patients were eligible if they had pathologically or clinically diagnosed advanced malignancies with a life expectancy of at least 3 months, failed to respond to conservative management on at least 200 mg/d of oral morphine or the equivalent with pain intensity rated 7 to 10 on numeric rating scale (NRS), or were on lower doses but with poor tolerability of systemic opioids due to serious toxicity. We excluded patients who had coagulation disorders and disturbance of cerebrospinal fluid (CSF) circulation arising from neoplastic invasion of spine or spine disorders shown in magnetic resonance imaging, such as spinal stenosis, spondylolisthesis, and postlaminectomy. Those who simply could not endure the implantation procedure due to serious systemic disease were also excluded. All recruits agreed and signed informed consent prior to procedure. After starting IDDS therapy with an external electronic pump, follow-ups were performed monthly to death by periodical refill visits. Data were collected at baseline (T0), at the time of discharge (T dis), and then at 1 month (T1) and 3 months (T3) after procedure, as well as at the last observation (1 week before death, T death) during follow-up period. The study was authorized by the institution's Ethics Examining Committee of Human Research. And written informed patient consent was obtained in all recruits.
Procedure
According to the expert consensus guidelines, the IT morphine screening trial and psychological assessment were not necessarily required in advanced cancer patients before implantation. [10] After carefully weighing the benefits and risks of procedure and IT analgesia, all the 53 patients were elected to undergo the procedure under a local anesthesia in the operating room. The spine area was sterilely prepped and draped, with patients being in the lateral position. Under the guidance of X-ray fluoroscopy, an introducer needle of 15-gauge was advanced obliquely with an angle of approximately 30°at the skin entry point. The point was parallel to vertebral pedicle, 1 to 2 cm lateral to the midline, and equivalent 1 to 1.5 spinous process distance subjacent to the L2 to L3 interspace. After the needle successfully got access to the CSF, the IT catheter was implanted into the IT space through the trocar. The tip of catheter was finally placed between 7 and 10 thoracic vertebral level. After confirmation by fluoroscopy, a subcutaneous tunnel was built and the catheter was attached to a subcutaneous port via the tunnel. The subcutaneous port was placed in the subcutaneous pouch that was parallel to the costal arch on the anterior axillary line in the lower abdomen. Finally, the port was fixed beneath the fascia by suturing the pouch. The IT infusion system was connected to a patient-controlled external drug infusion pump by a butterfly-shaped special needle vertically inserting into the subcutaneous port. All procedures were performed by the same doctor.
Drug use
All patients received IT application of morphine-ropivacaine mixtures that were diluted with 0.9% sodium chloride solution to 100 mL and filled into the electronic patient-controlled intrathecal analgesia (PCIA) pump. The initial IT morphine dose was calculated from the baseline opioid use with an oral-IT morphine conversion ratio of 300:1.
[11] The initial infusion was started at a flow rate of 0.1 mL/h without PCIA dose for safety reasons. IT morphine titration was conducted 1 day after the procedure. Patients were suggested to stop taking opioids by other routes. The IDDS parameters programmed by pump were adjusted every 12 hours until sufficient pain relief (≥50% pain reduction in NRS and breakthrough pain 3 times a day) and improvements in side effects (≥50% reduction in toxicity) were achieved. The parameters contained basal morphine dose, delivery velocity, bolus dose, lockout interval, number of bolus allowed, and maximum dose in a 24-hour period. After successful titration, patients were discharged. Scheduled refill visits were conducted monthly during follow-up period. And pump refill would be performed by doctors from the same hierarchy according to the same criteria for patient evaluation to control bias. Moreover, rescue oral opioid medication was allowed to cope with flare-up pain over the duration of follow-up period.
Patient assessment
The patient's pain intensity was assessed using 0 to 10 pain NRS (0 = no pain and 10 = worst pain). Drug-related adverse effects were evaluated by comprehensive toxicity scores extracted from National Cancer Institute Common Toxicity Criteria. [12] A total of 15 individual drug toxicity scores (0-4) according to the National Cancer Institute Common Toxicity Criteria standard scales were measured. The comprehensive toxicity score was calculated by summing the grade of all the 15 toxicities for each patient at each follow-up visit. [13] The European Organization for the Research and Treatment of Cancer core quality of life (QOL) questionnaire, European Organization for the Research and Treatment questionnaire QLQ-C30, was used for the assessment of patients' QOL. [14] According to the questionnaire, excellent QOL was defined by scores ranging from 51 to 60, good QOL from 41 to 50, fair QOL from 31 to 40, poor QOL from 21 to 30, and very poor QOL <30. Opioid use was calculated by morphine oral equivalent dose. [11] Systemic opioid use consisted of controlled-release opioid use (basal dose) and immediaterelease as-needed opioid use (breakthrough dose). IT opioid use included continuous infusion morphine use (basal dose) and PCIA morphine use (PCIA dose). 
Statistical analysis
Results
Complete data for analysis were available in 44 subjects. Seven patients (13.2%) died within 3 months after starting IT therapy due to tumor progression. Two patients were lost to follow-up, both of them attended for pump refills in another pain clinic close to their home (Fig. 1) . The losses to follow-up were excluded from statistical analysis. Baseline characteristics of all the 53 recruits are shown in Table 1 . Statistically significant decreases in pain NRS scores and comprehensive toxicity scores were verified between baseline and all subsequent follow-ups (Fig. 2) . Prior to procedure, patients' median pain NRS score was 8.5 with interquartile range (IQR) from 8 to 9. The pain NRS score decreased to 3 (IQR: 2-3, P < 0.05), 3 (IQR: 2-3, P < 0.05), 3 (IQR: 3-4, P < 0.05), and 4 (IQR: 3.25-5, P < 0.05) at discharge time (T dis), 1 month (T1) and 3 months (T3) after procedure, and 1 week before death (T death), respectively (Fig. 2) . And significant pain relief (≥50% pain reduction in NRS) was observed in 86.4% (38/44), 79.5% (35/ 44), 63.6% (28/44), and 52.3% (20/44) of patients at T dis, T1, T3, and T death follow-up, respectively (Fig. 3) . The median comprehensive toxicity scores also significantly decreased to 2 (IQR: 2-3, P < 0.05), 3 (IQR: 2-3, P < 0.05), 3 (IQR: 3-4, P < 0.05), and 5 (IQR: 4-5, P < 0.05) at T dis, T1, T3, and T death follow-up, respectively, compared with baseline value 6 (IQR: 5-7) (Fig. 2) .
At baseline, 53 patients took a mean morphine oral equivalent of 452.90 mg/d (range: 219-1600 mg/d) ( Table 1) . However, the majority of patients (90.1%, 48/53) were off all controlledrelease opioid use over the follow-up period (Table 2 ). Prior to IT therapy, 92.5% (49/53) of patients used immediate-release opioid to control breakthrough pain with an average of 59.09 mg/d (range: 10-300 mg/d) ( Table 1) . At T dis, T1, T3, and T death follow-up, the respective number of patients who used rescue oral opioid for breakthrough pain was 6.8% (3/44), 25% (11/44), 38.6% (17/44), and 47.7% (21/44) ( Table 2 ). Both basal and breakthrough doses of systemic opioid showed a significant decrease after IT therapy.
All of the 53 patients were treated with IT morphine-ropivacaine mixtures after procedure. Increases in basal IT morphine dose started to be significant at 3-month follow-up, remaining the rest of study. The basal IT morphine dose of 1.69 ± 1.18 mg/d (95% Table 1 Baseline characteristics of patients (mean ± SD).
Parameter
Patients (n = 56) (Table 3 ). And from 3-month followup onward, significant differences were verified with subsequent doses (Table 3) . Although significant differences were found between T dis follow-up and all subsequent observations, there was a slow increase in PCIA morphine dose with the average rising to 0.54 mg/d (95% CI: 0.44-0.63) from 0.21 mg/d (95% CI: 0.17-0.25) ( Table 3 ). The morphine dose escalations were modest throughout the duration of IT therapy (Fig. 3) . Figure 4 shows a statistical improvement in QOL after starting IT therapy. Compared with baseline value, the QOL scores were better at discharge time and sustained for the whole follow-up period (P < 0.05). At T dis, T1, and T3 follow-up, the proportion of patients who reported "excellent" and "good" ratings were 79.5%, 47.7%, and 18.2%, respectively.
There were no infective, device-related, and catheter-related complications in our study. Mild lower extremity weakness was reported in 3 patients. All of them achieved remission after reducing the dose of ropivacaine. Five patients developed urinary hesitancy, but only 1 of them required bladder catheterization for a few days.
Discussion
In the study, statistically significant decreases in pain NRS scores and comprehensive toxicity scores were verified with a statistical improvement in QOL scores after procedure. Systemic opioid showed a significant decrease; moreover, there was a modest escalation in the IT morphine dose over the follow-up period.
Pain was one of the most unbearable suffering and torture in advanced cancer patients. [1] Poor pain control not only worsened life quality but also had negative effect on patient long-term survival rate. [15] Therefore, rapid and adequate analgesia was of paramount importance to those with advanced cancer with limited life expectancy. Although most patients got satisfactory pain control by the systemic administration of opioids, there were still some patients who failed conservative therapy with little benefit or intolerable side effects in clinical practice. [16] Thus, as one of the interventional treatments, IT delivery was considered as an alternative route for opioid use to alleviate pain more effectively. [17] We performed this prospective study to evaluate the clinical efficacy and safety of IDDS for the treatment of advanced cancer-related pain.
Studies had demonstrated that the dorsal horn of the spinal cord within IT space played an important role in pain processing. There were various receptor targets including opioid receptors (m, k, and d) that could produce powerful analgesic effect after being activated. Once morphine was delivered directly into the CSF, it could get in close proximity to and bind to opioid receptors on the postsynaptic membrane. The activated receptors could change the transmembrane distribution of calcium and potassium ions to inhibit the release of presynaptic neurotransmitter such as substance P and calcitonin gene-related peptide. [18] And then the activity of the postsynaptic neurons was prevented due to n = the number of patients who use basal or breakthrough systemic opioid at different follow-up visits, T death = 1 week before death; T dis = the time of discharge, T0 = baseline, T1 = 1 month after procedure, T3 = 3 months after procedure. Table 3 Intrathecal morphine daily use after procedure (mean ± SD).
T dis T1 T3 T death 0.54 ± 0.32 * ,#,P CIA = patient-controlled intrathecal analgesia, SD = standard deviation; T dis = the time of discharge, T death = 1 week before death, T1 = 1 month after procedure, T3 = 3 months after procedure. * P < 0.05, compared to the T dis level.
# P < 0.05, compared to the T1 level. P < 0.05, compared to the T3 level. hyperpolarization of the postsynaptic membrane. Accordingly, pain signal transmission was successfully blocked. [19] The IT drug delivery to the site of action could avoid the firstpass metabolism and crossing the blood-brain barrier. [20, 21] Consequently, it allowed smaller use of opioids with a more rapid and effective response than oral or parenteral administration, resulting in reducing serious toxicity of high dose of systemic opioids. In accordance with what was expected, our results showed that statistical decreases were found in pain NRS scores and drug-related toxicity scores after starting IT therapy. There were always >50% of patients maintaining their pain score at a value <50% of the initial value during the follow-up period (Figs.  2 and 3) . The modest increase in pain during the late period of treatment could be related to the progression of the disease or the development of opioid tolerance. The IT therapy significantly alleviated intractable cancer-related pain and offered a long-term effective analgesia with a decrease in drug-related side effects until death. And the benefits of adequate pain relief with less toxicity translated into improvements in patient life quality with significantly better QOL scores (Fig. 4) .
Except for very much smaller use of morphine (one threehundredth of oral morphine dose), there was a slow increase in IT morphine dose according to our results ( Fig. 3 ; Table 3 ). Statistical differenceswerefoundindaily IT morphine doseuntil3monthsafter procedure, with a <1-fold increase during the 6.97 ± 2.83-month follow-up duration (Table 3) , consistent with previously reported results. [22] The small dose escalation may be attributed to the addition of ropivacaine to IT morphine. Previous research confirmed that IT local anesthetics had synergetic effect with morphine to enhance the analgesic efficacy and reduce the dose of IT opioid. [23] Furthermore, the IDDS delivered analgesic continuously into the CSF to keep drug consistently stable in blood. Without frequent appearance of peak plasma concentration, the development of opioid tolerance or addition could be delayed, leading to the modest escalation in IT morphine dose. Thus, the use of continuous infusion appeared to contribute to a morphine-sparing effect. Generally speaking, breakthrough pain could not be adequately controlled by only basal IT delivery. In our study, all the patients were permitted to give an additional dose to cover transitory pain fluctuations using the external electronic pump with a programmable bolus option by themselves. With the on-demand bolus dose, averaging about three to six times per day, the unpredictable breakthrough pain was rapidly intervened and effectively controlled. And after the initiation of IT therapy, the rescue oral opioid medications were performed only to cope with fluctuations in pain intensity, especially breakthrough pain. Therefore, the systemic opioid use during follow-up period was observed in very small dose and had limited effect on the results (Table 2) .
We concluded that IT administration of morphine-ropivacaine mixtures by IDDS for the treatment of cancer-related pain could provide rapid and highly effective pain relief. Patients who were suffering from intractable pain in advanced malignancies would benefit from long-term improvements of analgesia and life quality with less toxicity and opioid consumption. IDDS represented a valuable option for cancer-related pain management.
The limitation of the present study was that this was a nonrandom observational study with a small number of investigated patients.
